. One concern has been that limited root volume in small pots and Dahlman, 1993; Rogers et al., 1994) . The degree of Several published reports indicate little or no effect of stimulation was often highly variable however, even rooting media volume on plant response to O 3 , however with the same species or cultivar (Ainsworth et al., 2002; (Heagle et al., 1979a (Heagle et al., , 1979c . Heagle et al. (1979a ) Fiscus et al., 2001 Kimball, 1983). In contrast, O 3 supfound that four wheat (Triticum aestivum L.) cultivars presses plant growth and, as with elevated CO 2 , effects had similar proportional suppression of seed yield by can vary among experiments (Heagle, 1989; season-long exposure to O 3 when plants were grown inal., 1983; Morgan et al., 2003) . Other than differences ground or in 3.8-L pots. Also, the proportional injury among genotypes, causes for such variation in response and yield response of field corn (Zea mays L.) (Heagle may include differences in experimental protocols and et al., 1979c) and soybean to O 3 was plant growth environments. similar with plants grown in 15-L pots or in the ground. In studies with CO 2 enrichment, the relevance of studBecause elevated CO 2 and O 3 co-occur in the tropoies performed with container-grown plants to anticisphere, recent studies have been performed to deterpated crop performance in a CO 2 -enriched atmosphere mine effects of mixtures of these gases (reviewed in has been questioned (Ainsworth et al., 2002; Idso and Morgan et al., 2003; Olszyk et al., 2000; Rudorff et al., 2000). Studies often showed that stimulation of growth 
to CO 2 enrichment for plants grown in pots and plants fected plant morphology, but relative responses of seed yield to elegrown in the ground (Heagle et al., 1999) . In that study vated CO 2 and O 3 were not fundamentally different between soybean (Heagle et al., 1999) , soybean was planted in 15-L pots in the two rooting environments were somewhat differon agricultural and natural plant systems have ent, relative growth and yield responses to elevated CO 2 shown that CO 2 enrichment stimulates plant growth were similar. (Ainsworth et al., 2002; Bazzaz, 1990; Cure and Acock, Concerns about the relevance of experiments to de-1986; Drake et al., 1997; Jablonski et al., 2002; termine effects of O 3 with pot-grown plants also exist. and Dahlman, 1993; Rogers et al., 1994) . The degree of Several published reports indicate little or no effect of stimulation was often highly variable however, even rooting media volume on plant response to O 3 , however with the same species or cultivar (Ainsworth et al., 2002; (Heagle et al., 1979a (Heagle et al., , 1979c . Heagle et al. (1979a ) Fiscus et al., 2001 Kimball, 1983) . In contrast, O 3 supfound that four wheat (Triticum aestivum L.) cultivars presses plant growth and, as with elevated CO 2 , effects had similar proportional suppression of seed yield by can vary among experiments (Heagle, 1989; season-long exposure to O 3 when plants were grown inal., 1983; Morgan et al., 2003) . Other than differences ground or in 3.8-L pots. Also, the proportional injury among genotypes, causes for such variation in response and yield response of field corn (Zea mays L.) (Heagle may include differences in experimental protocols and et al., 1979c) and soybean to O 3 was plant growth environments. similar with plants grown in 15-L pots or in the ground. In studies with CO 2 enrichment, the relevance of studBecause elevated CO 2 and O 3 co-occur in the tropoies performed with container-grown plants to anticisphere, recent studies have been performed to deterpated crop performance in a CO 2 -enriched atmosphere mine effects of mixtures of these gases (reviewed in has been questioned (Ainsworth et al., 2002; Idso and Morgan et al., 2003; Olszyk et al., 2000; Rudorff et al., 2000) . Studies often showed that stimulation of growth stresses measured (Booker et al., 2004 Access to the soil by roots growing out of drainage holes in Heagle et al., 1998a Heagle et al., , 1998b the pots was prevented by a sheet of black plastic covering 1998; Reid and Fiscus, 1998 (Rogers et al., 1983) and O 3 (Heagle et al., 1979b) . Carbon dioxide measures model in which chambers constituted the whole plots and sampling period was the repeated factor (SAS Proc was monitored at canopy height with infrared analyzers (Model 6252, Li-Cor, Incorporated, Lincoln, NE), and O 3 was Mixed) (Littell et al., 1996) . The model included interactions between the whole plot factors and the effect of sampling monitored at canopy height with UV analyzers (Model 49, Thermo Environmental Instruments, Incorporated, Franklin, period. Previous analysis showed that the pot and ground response MA). The CO 2 and O 3 analyzers were calibrated once every 2 wk.
functions were not equal (Heagle et al., 1999) (Table 1 ). In the 1999 experiment, three addi-⌬ are equal for both pot and ground data; that is, tional chambers were included to test the effects of a higher (Table 1) . Both CO 2 and O 3 treatments were administered 7 d ground and pot data, respectively. This is a nonlinear statistical per week. The treatments began in mid-June and continued
hypothesis. An F statistic for testing proportionality is obuntil mid-October, when plants in all treatments were at physitained from the mean squared errors from the fit of full (no ological maturity.
proportionality constraints) and reduced (proportionality conIn the 1999 experiment, four pots per chamber and eight straints enforced) models (Bates and Watts, 1988) . centration averaged 708 mol mol Ϫ1 (Ϯ0.5%) ( Table 1) . were at the R2 stage of development (Fig. 1, Table 3 ). † Does not include CF-899 treatment.
Rooting environment effects were not statistically sig- ‡ NS, not significant at P Յ 0.05.
nificant during the remainder of the experiment (P Ͼ 0.05). Reproductive growth was accelerated by treatHarvest ment with O 3 during stage R6 to R8 (Fig. 1) . Elevated The relative effects of elevated O 3 and CO 2 on yield CO 2 partially suppressed this O 3 effect. The timing of (total seed mass) at final harvest were similar for plants late reproductive development and effect of O 3 were grown in pots compared with plants grown in the ground similar in the pot-grown and ground-grown plants.
in both years of the experiment (Tables 5 and 6 ; Fig. 2 ). Aboveground biomass partitioning was not extenElevated CO 2 increased total seed mass while O 3 supsively affected by elevated CO 2 or O 3 in either rooting pressed it compared with the control. Seed yield was environment (Table 4) . However, with ground-grown increased 24% by elevated CO 2 in both pot-grown and plants, elevated CO 2 increased partitioning of biomass ground-grown plants. Added O 3 lowered yield by 26% to branch stems compared with controls at the expense in 1999 and by 40% in 2000 for plants in both rooting of main stem leaves. In pot-grown plants, O 3 increased environments, while yield increases of 15% occurred partitioning to branch stem and pods.
in the combined gas treatments. Increased yield with Tests of proportionality supported the conclusion that elevated CO 2 was primarily due to increased pod numplants grown in pots responded similarly to O 3 and CO 2 bers in both pot-and ground-grown plants (Tables 5, 6 ). treatments compared with plants grown in the ground In elevated CO 2 , mass per seed actually decreased (i.e., the test to reject the null hypothesis of proportionslightly in ground-grown plants in both 1999 and 2000. ality of response was not statistically significant for any Mass per seed was lower in 1999 but higher in 2000 in pot-grown plants treated with elevated CO 2 . Elevated plant growth variable) ( Table 2) . CO 2 increased stem mass in both pot-and ground-grown periment (Table 3 ; Fig. 3 and 4) . On average, A was plants by about 40% overall, which was greater than 7% higher in pot-grown plants compared with groundthe effects on seed biomass and seed:stem mass ratios. grown plants. The highest A values attained during the The effect of elevated O 3 on seed biomass was due to measurement period were of similar magnitude for reductions in pod numbers and mass per seed in both plants in the two rooting environments, although searooting environments in 1999 and 2000 (Tables 5 and  sonal patterns were slightly different; i.e., peak A in 6). Overall, seeds per pod were not strongly affected by ambient CO 2 -treated plants was reached later in the O 3 . Statistically significant O 3 ϫ CO 2 interactions were growing season in ground-grown compared with potfound mostly with pot-grown plants in 1999, but they grown plants. In the CF-699 treatment, average A for occurred in both pot-grown and ground-grown plants all measurement dates combined was not different in in 2000. In each instance, elevated CO 2 partially prepot-grown compared with ground-grown plants (30.3 Ϯ vented the injurious effects of O 3 .
0.4 and 29.8 Ϯ 0.9 mol m Ϫ2 s
Ϫ1
, respectively), although Again, tests of proportionality supported the concluon a relative basis, A in the CF-699 treatment was higher sion that plants grown in pots responded similarly to in ground-grown plants (Table 3 ; Fig. 3 ). Ozone gener-O 3 and CO 2 treatments compared with plants grown in ally suppressed A of plants grown in both rooting envithe ground (Tables 5, 6 ). Seed yield on an areal basis ronments, although the O 3 effect did not occur until 93 also indicated that the pattern of responses to the treat-DAP in the ground-grown plants (Table 3 ; Fig. 3 ). Net ment gas combinations was similar between plants photosynthesis in the OZ-699 treatment was similar to grown in large pots and in the ground (Table 7) . Most A in the CF-699 treatment in both rooting environments of the rooting environment ϫ gas treatment interactions (Table 3 ; Fig. 3 ). were not statistically significant. The rooting environStomatal conductance was 33% higher in potted ment ϫ CO 2 interaction in the 1999 experiment was plants compared with ground-grown plants (Table 3 ; statistically significant because the yield increase in Fig. 4 ). Elevated CO 2 suppressed g s compared with plants treated with elevated CO 2 was 3% higher in potplants grown at ambient CO 2 in both rooting environgrown compared with ground-grown plants.
ments, although the effect was more pronounced in potThe possibility that CO 2 concentrations higher than grown plants. Added O 3 lowered average g s for potthose typically used in field experiments would lead to grown plants by 18%, whereas g s in ground-grown plants even greater increases in growth was tested with CF airwas about equal in the CF and O 3 treatments in ambient treated plants grown in pots. Treatment with 899 mol CO 2 (Fig. 4) . Stomatal conductance was quite low in CO 2 mol Ϫ1 did not promote additional growth or yield plants grown in the CF-899 treatment compared with beyond that caused by treatment with 699 mol CO 2 the other CO 2 -added treatments, even though A was mol Ϫ1 . In fact, a general suppression of growth ocsimilar among all elevated CO 2 treatments. curred (Table 5) .
DISCUSSION

Photosynthesis and Stomatal Conductance
It has been suggested that A, and thus plant growth The A and g s of upper canopy leaves were measured periodically during reproductive growth in the 1999 exresponse to elevated CO 2 , would be limited in pot-grown sink size (Arp, 1991; Thomas and Strain, 1991 Curtis (1996) found that pot size was often confounded
with both the duration of CO 2 exposure period and ** P Յ 0.01. treatment facility used. However, in long-term (Ͼ50 d) *** P Յ 0.001. NS, not significant at P Յ 0.05.
studies conducted in open-top chambers, the effect of elevated CO 2 on A was greater in plants grown in 10-to 25-L pots compared with plants grown in-ground, pot-grown plants that occurred earlier in the growing whereas rooting environment had no effect on the deseason than in ground-grown plants. The higher g s would crease in g s induced by elevated CO 2 in unstressed plants increase O 3 uptake by the leaves with greater subse- (Curtis, 1996) . Concern about container-versus groundquent injury McKee et al., 1997) . grown plants might be better directed toward evaluation There were distinct differences in morphology of the of water supply, nutrient availability, root biomass/root pot-grown and ground-grown plants. Although potvolume relationships, planting density, PPFD, temperagrown plants were slightly shorter than ground-grown ture, and exposure system used. As demonstrated in plants, they had a nearly identical number of main stem our study, when culture conditions for plant growth nodes. Branch counts and total biomass were much were optimized as much as possible for an experiment greater on pot-grown plants. At about 100 DAP (early conducted in open-top field chambers, yield responses R6), the pot-grown plants had more than twice the bioto the various treatments were similar between potmass of ground-grown plants, although planting density and ground-grown soybean (Fig. 2) . Values of A in the of pot-grown plants was less than half that of groundelevated CO 2 treatments were close in pot-grown and grown plants ( Table 2) . Calculations of biomass partiground-grown plants (Fig. 3) , suggesting that photosyntioned to leaves, stems, and pods illustrated that about thetic gas exchange responses to elevated CO 2 were twice as much biomass was partitioned to branches in similar in plants in the two rooting environments. Howpot-grown vs. ground-grown plants, with lesser amounts ever, the higher g s in potted plants compared with groundin main stems and main stem leaves. At final harvest grown plants may reflect a more favorable water status (R8), however, the seed-to-stem ratio was similar for plants grown in the two rooting environments in the in pot-grown plants. The higher g s might also have been 1999 experiment, while ratios were more variable in the a factor involved in the suppression of A by O 3 in the 2000 experiment (Tables 5, 6 ). Despite the fact that plants in the two rooting environwas within the overall relative responses found by two meta-analyses of soybean (Ainsworth et al., 2002 ; ments in both years of the experiment differed morphologically, their responses to elevated CO 2 and O 3 were Jablonski et al., 2002) . Unlike previous studies that reported high variability in yield responses to elevated remarkably similar. The hypothesis of proportionality of response was found for all reported variables, with CO 2 (Ainsworth et al., 2002; Fiscus et al., 2001; Kimball, 1983) , our results indicated consistent effects of elevated the exception of mass per seed and seeds per pod in the 1999 experiment. Total seed biomass is the most CO 2 and O 3 on plant growth and yield in pot-grown and ground-grown plants. important commercial variable for soybean, and the similarity in response for this variable in pot-grown and
The suppressive effects of O 3 on A, biomass, and yield for plants grown in pots and in the ground were typical ground-grown plants was striking (Fig. 2) . It was not surprising that seed yield expressed on an areal basis of those reported in previous chronic O 3 studies (Heagle, 1989; Morgan et al., 2003) . Average g s (Table 7 ) differed between rooting environments given that culture conditions such as planting density, growth was lower in pot-grown plants treated with O 3 compared with the control but not in ground-grown plants. These media composition, fertilization, and irrigation methods were different for pot-grown compared with groundresponses were likely related to later development of inhibitory effects of O 3 on A in ground-grown plants grown plants. Nevertheless, the relative effects of elevated CO 2 and O 3 were not fundamentally different becompared with pot-grown plants (Fig. 3) . Lower A often leads to lower g s primarily through feedback effects of tween plants grown in the two rooting environments. This indicates that elevated CO 2 and O 3 experiments intercellular CO 2 concentrations Long and Naidu, 2002; Reich et al., 1985) . that use container-grown soybean plants can be representative of treatment responses of ground-grown plants.
Elevated CO 2 lessened or prevented the toxic effects of O 3 , as is often found with soybean (Booker et al., In our study, the elevated CO 2 increase in yield (24%) 2004 Fiscus et al., , 2001 Fiscus et al., , 2002 experiments done to investigate these interactions using 1998b; Miller et al., 1998; Morgan et al., 2003 ; Mulchi plants grown in large pots yielded results that were not et al., 1995; Reid and Fiscus, 1998) and other crops fundamentally different from those done with plants ( Cardoso-Vilhena et al., 2004; Fiscus et al., 2002 ; Olszyk grown in the ground. Furthermore, results from studies et al., Rudorff et al., 2000) . The protective effect comparing responses of plants treated in open-top of elevated CO 2 against O 3 injury occurred in both potchambers with those treated in free-air CO 2 enrichment grown and ground-grown plants to similar extents pre-(FACE) systems found that relative responses to elesumably due in large part to lower O 3 uptake. The devated CO 2 were similar for the two methodologies (Kimcrease in g s with elevated CO 2 , which occurred in both ball et al., 2002, 1997) , thus extending the applicability pot-grown and ground-grown plants, would decrease O 3 of the results reported herein. Additional pot-ground uptake and subsequent injury (Allen, 1990; Cardoso- studies are required to sort out effects of rooting vol- Vilhena et al., 2004; Fiscus et al., , 2001 McKee et ume, physical presence of a container, soil medium, al., 1997; Morgan et al., 2003) . Increased availability of temperature and moisture, nutrient availability, and carbon skeletons with elevated CO 2 also might enhance planting density on plant responses to elevated CO 2 and defense and repair mechanisms that contribute to the O 3 to determine the factors that most critically influence protective effect (Allen, 1990) . plant growth and yield in these experiments. The CO 2 ϫ O 3 interaction suggests the possibility that the stimulation of growth and yield in some elevated ACKNOWLEDGMENTS CO 2 studies might be due in part to suppression of ambient O 3 injury. Clearly, future studies of elevated We thank Stephanie Horton and Gwen Palmer for their CO 2 effects on plants should consider the potential intertechnical assistance with this project. We gratefully acknowledge Robert Philbeck for construction and maintenance of action with ambient O 3 . This study demonstrated that
